THE SOUTH AFRICAN LOCUST FUNGUS.
By A. McMARTIN, Ph.D., B.Sc.
The disease among locusts caused by the fungus Empusa grylli is by now well known to those who have been visited by this pest. It was first .noticed by the writer in March, 1934, in a last-stage hopper, and though search was made for other specimens in the same swarm tor a few days, none put this isolated case could be found. Towards the end of April cases became more numerous, but it was not till the middle of June that the disease could be said to be becoming prevalent, and reports began to come in from various localities in the cane growing area. Towards the end of June the disease was reported from most areas, and was said to be killing the locusts by the thousand. Outbreaks have periodically occurred since then, with varying intensity, and almost always following a period of wet weather. The disease this year started among newly hatched hoppers, and it is expected will cause a much higher mortality than last year.
One of the most noticeable features of the outbreaks has been their occurrence after wet weather. Indeed, this has been such a constant characteristic that it is usually stated that wet weather is necessary to start the disease. Skaife'" in 1924/25 collected rainfall figures in South-West Africa and, correlating them with incidence of the disease, showed that "a rainfall of 14 to 15 inches, spread evenly 'over a period of three months, is sufficient to start a very severe epidemic among the locusts. On the other hand, a little more than 10 inches in three months is not sufficient to cause a serious outbreak of the disease." .:
The relation between the intensity of the 'outbreak and damp conditions has also been noticed during the last season in individual swarms. When a swarm covered a considerable area and the disease occurred, it was frequently much more severe in any part of the swarm which occupied low-lying damp conditions, or swampy areas. In one particular swarm examined, on a piece of sloping ground, no cases of Empusa could be found on the higher parts, whereas at the bottom as many as 30 to 50 dead locusts could be found per plant, the numbers decreasing as one ascended the slope.
That wet weather is not necessary to start the disease, however, was shown by an outbreak, on a small scale, certainly, and isolated, after a considerable spell without rain. The mortality occurred in quite a dry situation, and among locusts which had been in the locality for some time. The predisposing factor in this case could not be found. The origin of this disease is problematical, and will be discussed later on under cultural andvinfection experiments. Suffice it to state here, however, that the disease is caused by a specificorganism, the spore (or "seed") of a fungus, which must in some way come into contact with the insect before the disease can be produced.
That these spores were present here before the locust invasion is quite possible, as this disease does not attack locusts only, but has quite a variety of hosts (Thaxter") . It was found here before it was found on the Redwing locust, on a native species of grasshopper, identified by A. Lea as belonging to the genus Oedaleus. It is quite possible that it is present here acting as one of the natural controls on our grasshoppers, and has spread from these to the locusts.
Despite the large mortality it can cause, however, it has never acted as more than a partial check on the increase in locust numbers, although it may be expected that the longer the invasion lasts, the greater will be the toll taken by the fungus, as it becomes more and more widespread.
It was known during the last locust invasion of Natal, during which an attempt was made to use it as a control measure. This attempt aroused world-wide interest, and led to a controversy which has become classic in the literature of insect-killing fungi.
To appreciate the whole position fully, it becomes necessary to consider the matter from a historical aspect as well as that of purely experimental work; but before doing so a few words on the nature of a fungus such as this will help in the understanding of what is to follow, as many will be unfamiliar with most of the terms used.
A fungus is a small plant which has lost the power of manufacturing its' food material from the raw inorganic minerals of the earth, such as the green plants do, but derives its nourishment from organic material previously elaborated by another living organism, plant or animal. In construction these little plants are very primitive, having no roots, stem, or leaves, but consist of a little mass of more or less colourless threads which absorb nutrient material from the object they are growing on. The mass of filamentous threads is known as the mycelium, and the individual thread as a hypha. In Empusa special structures appear, consisting of isolated threads, known as hyphal bodies (Fig. 8) . Just as plants propagate themselves by seed, so fungi spread themselves by a specialised part of the plant, known as a spore. These spores become separated from the plant, and finding a suitable situation, germinate and give rise to another mycelium. There are many different kinds of spores, but in Empusa two are commonly met with. One isa thin-walled, delicate structure, known as a conidium (Fig. 2) , produced on a specialised part of the fungus, the conidiophore (Fig. 1) . The other is known as a resting spore, which is a way common among fungi of tiding themselves over unfavourable conditions (Fig. 10) . The resting spores enclose themselves in a thick resistant wall, and in some fungi have been known to lie dormant for many years before germinating to give rise to a new plant.
In some fungi, the spores are produced in large numbers crowded together in specialised structures, which will be referred to here simply as fruiting bodies (Fig. 13) . Such, very briefly, is the nature of the organism we are dealing with in Empusa grylli.
Life-History.
Locusts which have died from Empusa can easily be recognised by the curious and characteristic manner in which death occurs. The infected insects climb as high up on the vegetation as they can, and become so sluggish that they can be picked off easily by the hand. Just before death they relax their hold with their claws, and fold their legs round the stem or leaf to which they are clinging. Death occurs in this position, and the corpses, stiffening, remain thus till they fall to pieces or are loosened by the wind or rain. It is no uncommon sight, where mortality due to Empusa has been high, to see the tops of the plants bearing locusts in all stages of disintegration; many are found without head, or abdomen, and quite commonly all that can be found are the first pair of legs still embracing the plant.
Another interesting fact associated with their death is the time in which this occurs, being usually late afternoon. The only time locusts have been observed dying of this disease in the forenoon was in a very cloudy, wet day, when all the healthy locusts themselves were sluggish, and would not leave the vegetation. Immediately after death, the abdomen distends, and after a short while is almost as long as the wings. So far 'there is no sign of any fungoid growth on the dead insect; this does not appear till some hours after death, . and its appearance is dependent on weather conditions. Under humid conditions, the fungus appears externally as a furry-looking growth between the segments of the the abdomen, and is usually first seen under the wings. At first this growth is white, but soon it becomes pink, or pale brown. Under favourable conditions the fungus may appear six hours after death. Growth of the Locust shortly after death from Empusa.
parasite continues throughout the night, so that the following morning rings of fungus can be found round all the soft parts of the body between the segments, as well as round the neck and along the sides of the ab-.
domen. On examination some time later, the fungoid growth may be seen to be covered with a glistening yellow powdery-looking material, which eventual1y can be found all over the insect, particularly sticking to hairy parts, and on the underside of the wings; the same material may also be observed on that portion of 'the plant-to which the locust is clinging; and further, if the latter should fall' down, the ground round about the insect for a distance of two to three inches can become likewise covered. This powdery material conLocust 48 hours after death from Em.pusa.
sists of the "seeds," or conidia, of the disease, and are produced by the furry growth, from which they are shot off a little way after their production. It is to them that spread of the disease has always been attributed; alighting on a healthy locust, they germinate and send out little tubes which penetrate the skin of the locust, thereby causing infection. For the production of the conidia a certain degree of dryness seems essential, as it has been repeatedly found that in continued damp weather the whole of the diseased insect decomposes and becomes overrun with bacteria, without conidial production having occurred.
The process just described-viz., that of the external growth of the fungus on the dead locust-only occurs if damp conditions prevail at, or after, the time of death. If the insect dies in a dry atmosphere, no external fungal growth appears. Instead, the locust dries up, and the inside becomes filled with an apparently structureless mass which when examined microscopically is seen to contain large numbers of spherical bodies, which are another type of spore of Empusa, known as the resting spore. This latter condition can be produced in the laboratory simply by collecting locusts as soon as they have died and placing them in a desiccator. '
To appreciate to the full the formation of these different types of bodies, it is necessary to follow the development of the fungus within the locust in greater detail.
It was stated that infection has always been attributed to the conidia germinating on a healthy locust. It is doubtful if this has ever been proved by experiment; it certainly has not been our experience, every attempt 10 infect health); locusts by placing conidia on their bodies having Jailed. This has been the case whether the conidia were fresh or old, whether they were from a dead locust or from the vegetation on which the locust (lied, or whether the locusts on which they were placed were kept in a damp or a dry atmosphere. The other possibility is that infection is caused by the insects eating these spores, or perhaps any of the fungus from a dead locust, as it has been observed that a healthy locust will eat another which has died of this disease.
Again, however, negative results attended all attempts to cause infection by feeding the insects on Empusa, 'nlis has not "been our. experience only, but that of fillst who have carried out carefully controlled experiments. r \ s will be seen from the development of the fungus in the host, however, the chances are in favour of infechod through the skin, as the last part of the body to bedome 'attacked is the intestine, and the first is thẽ L~(0sue beneath the skin; whereas if infection was by ingestion, one would expect that the first signs of an internal fungus would be found in the contents of the stomach.
In, the absence of positive infection experiments, it is exceedingly difficult to trace the course of the disease from the beginning. The following account is based, therefore, on numerous dissections of locusts, dead and healthy, from infected swarms, whereby it was possible to accumulate sufficient data to piece together the lifehistory within a reasonable degree of certainty.
The most difficult stages to follow are the initial ones, due mostly to the fact that in the blood of the locusts are various micro-organisms which occur naturally, and these, together with blood cells and other loose tissue cells, render recognition of an invading organism, present perhaps only in small numbers, very unsatisfactory. Assuming that the conidium-which is a little pear-shaped body measuring 25j.t to 45j.t long by 20j.t to 35j.t broad, with granular protoplasm and one or two large oil globules -germinates on the locust's skin, and penetrates it by sending out a little germ tube, the blood system would be reached. It was shown by Skaife-" that a conidium could germinate, produce a germ tube and. finally a small branched mycelium in a drop of blood of the Brown locust on a microscopic slide. Whether this actually happens when infection is taking place has not been demonstrated, but certainly one of the first signs of a pathological condition in the insect is the presence of numerous yeast-like bodies in the blood stream (Fig. 6) . A similar phenomenon has been recorded before in another species of locust by Hollande and Moreau", who found a diseased condition produced by the presence of large numbers of these organisms in the blood. In the case of Embusa, their origin can be possibly attributed in the first place to the manner in which the filament of the fungus breaks up into small rounded bodies once it has gained entrance through the skin, it having been usually observed that the presence of these organisms in the blood was accompanied by the presence of a much branched and segmenting mycelium in the surrounding tissues (Figs. 11 and 12 ).
[There is some probability that this yeast-like stage is not actually the first, but is preceded by an amceboid stage, i.e. the small bodies liberated in the blood have no cell wall, but are simply little pieces of naked protoplasm; such as those which have been noticed before in other species of the Entomophthorace.e (Thaxter 21 ) .]
Once these yeast-like organisms are in the' blood, their increase in numbers proceeds very rapidly, by the simple process of each cell budding and giving rise to new ones. From this stage onwards the blood, due to their presence, becomes opaque; as the diseased condition progresses, the size of these organisms present increases, so that if a locust be dissected in a more advanced state of the disease, cells of all sizes may be found from 5p, 6j.t up to 50j.t in diameter. These larger bodies usually become somewhat irregular in outline, are colourless, and usually have no oil globules.
They are known as the hyphal bodies (Fig. 7 ). How they are formed is not quite clear; it seems impossible that they are derived simply by the increase in size of the small yeast-like cells, but there is evidence that hey are derived by fusion of a number of the latter into the one structure. This suggestion is supported by the fact that the small cells have only one nucleus, while the hyphal body is multinucleate. It is at this stage that the insect dies, which according to Skaife!" is five or six days after infection has taken place. If a locust be dissected just before death occurs, these hyphal bodies are to be found everywhere in the locust except in the stomach; the fat body and muscular tissue is so riddled with them that it is difficult to see how the insect lived so long.
The development of the fungus from this stage on depends on weather conditions. In a damp atmosphere, the hyphal bodies give rise very quickly' to long filaments (Fig. 8) , which only branch occasionally, and which, penetrating the soft parts of the locust's skin, grow through to the outside; Once outside, each filament gives rise to an elongate club-shaped structure known as the conidiophore, or organ producing the conidium. It is the production of these in considerable numbers which gives rise to the furry-looking growth between the segments of the dead insect already described. At the end of each conidiophore~conidium is eventually produced. The latter is found by the ingrowing of the conidiophore wall a little way down from the tip, thus cutting off a little portion at the end, which finally becomes shot off mechanically as the conidium (Fig. 2 ).
Under dry conditions no filamentous growth from the hyphalbodies takes place. Instead, the latter produce at one side a round body into which the protoplasm from the parent body passes; this round structure increases in ,size to accommodate most of the contents of the hyphal body, and when this process is complete, the newly-formed structure surrounds itself with a double wall and the old hyphal body collapses. This thick-walled spherical body is the resting spore previously referred to (Figs. 9 and 10).
The formation of conidia goes on mostly during the day, while their ejection from the ends of the conidiophores begins usually in the evening. These conidia under damp conditions germinate straight away by sending out a germ tube, which grows very rapidly and, as has been suggested, if in contact with a locust, penetrates the skin. If the ejected conidium fails, however, to find a locust, such as when it lands on a leaf, or on the ground, the germ tube, after growing a little way, gives rise to another little pear-shaped body, not unlike the conidium, but smaller. This is a secondary conidium (Fig. 3 ). This process only occurs in a damp atmosphere. Under dry conditions, the conidium cannot germinate, but remains dormant; for how long is not certain. It is usually stated that germination is no longer possible after two to three days; it has been found, however, that given suitable conditions, conidia several weeks old can be made to germinate, though the growth is extremely slow. This will be referred to again under cultural experiments.
The function of the resting spores is unknown. The .resting spore of a fungus is usually constructed so as to withstand very adverse conditions, such as extreme heat, cold, or drought, and the production of this type of spore is a common way of carrying a disease over from one season to another. Very often this type of spore requires a certain period of dormancy before' germination is possible. With the resting spore of Empusa, however, no germination has been observed, except for one isolated case, that recorded by Nowakowski'" in 1882. All other attempts to induce germination have failed. This being the case, it is impossible to state what part this type of spore plays in the life-history of the disease, whether it is capable of causing infection, or whether under certain conditions it can give rise to. another phase of the life-cycle as yet unknown.
History of the Fungus.:
Empusa grylli was first recorded in 1858 (Fresenius-), and since then has been found to be very widely distributed, being well known in North America, Africa, and Europe (Uvarovv).
The material used for the present investigation was that on the Redwing locust (Nomodacris septemfasciata).
The first record in Natal appears to have been in 1895, when Mr. Maurice S. Evans, finding a fungoid growth on young locusts in Victoria County, wrote a letter to the Natal Advertiser recording his find-. Not much notice seems to have been taken then of this letter, and it was not till the following year, when Mr. Arnold Cooper was sent a specimen of a locust dead . from fungus, that the matter was investigated-. Experiments proved that the fungus was infectious; what the nature of these experiments was is not recorded, which is unfortunate, in view of the inconclusive results of all recent infection experiments. Cooper then went to the Cape to "consult certain works not available in Natal," and visited the Grahamstown Bacteriological Institute, where after two weeks' work success in cultivating the fungus artificially was claimed.
That the fungus naturally destroying the locusts was
Empusagrylli is certain. Some of the specimens gathered by Evans in 1895 were examined by Dr. Medley Wood", who stated that the fungus belonged to the. family Entomophthoracea, a determination later confirmed at the British Museum.
At the Grahamstown Bacteriological Institute, when; the fungus was being cultured by Drs. Black and Edington", the former suggested that it was a speci'es of Empusa; and Cooper proposed to name it E. acrictii, under the impression that it was a new species. It fNas later recognised, however, that the same fungus (had been known before as E. grylli, and according to; the rules of nomenclature the latter name remained. .) Preliminary experiments in the use of the fungus as a locust-destroying agency having satisfied the experi-.menters, its culture and distribution on a large scale commenced. The fungus was sent out in small tubes with instructions for use, which consisted in emptying the tube into a tumbler of water in which was dissolved some sugar, allowing to stand some days till a fungus growth was in evidence, and then dipping in this some healthy locusts and releasing them into the swarm'", After a number of days, usually from four to fourteen, the locusts began dying in the characteristic manner of an insect dying from Empusa. Very favourable reports were received at first of the pathogenic action of this fungus, e.g.:~'The preparation of your fungus for use is so simple that boys and girls can apply it, and the annihilation of such a formidable pest as the locust is a boon that, since the time of Pharaoh, has been prayed for." Success was not claimed in every instance, however, but the failure was very often attributed to nonobservance of the rules, or to unfavourable climatic conditions; and that there was still some doubt about the efficacy of this means of control of locusts in the mind of one, at least, of the cultivators, is obvious from the following statement of Dr. Black': "I do not think that sufficient data for a positive induction as to the value of the fungus in destroying locusts in' large numbers have been collected; it is doubtful, in my opinion, whether this method of spreading a pathogenic mycosis can compete with the usual methods of destroying locusts en masse."
In 1899, lack of success was reported from most quarters, and was attributed to the dry weather. In 1HOO, Lounsbury" in his Annual Report says: "The whole question of locusts should be given serious attention by Parliament, for the Colony will always be subject to invasions, and the artificial distribution of the disease fungus &~ves no promise of every proving adequate as a' remedy.
The success claimed originally by the distributors of the fungus in South Africa naturally attracted attention in other countries unfortunate enough to be subject to locust plagues, with the result that tubes of fungus were sent to several places abroad, where its efficacy was immediately questioned. The Locust Investigation Committee of Buenos Ayres in 1899. pronounced the South African Locust Fungus (as the culture came to be called) of little use'", and it was due mainly to its unfavourable reception abroad that the identity of the fungus being distributed was questioned. .
In India, the culture was examined microscopically, and found to be a Mucor, which gave entirely negative results in infection experiments'", As this fungus Mucor will be repeatedly referred to in this paper, a few words about it will not be out of place here. Classified according to their mode of life, there are three groups of fungi: (1) Obligate parasites, which can only live on living material, and cannot make use of as food any form of dead matter; (2) Saprophytes, which live on dead matter; and (3) Facultative parasites, which can live on either living or dead material, such as fungi which attack a living plant or animal, kill it, and then go on living on the decaying remains of the organism they have parasitised.
Into the group of obligate parasites Empusa has always been placed, mainly owing to the fact that once it has killed a locust, further development of the fungus ceases. It is a commonplace, however, that the remains of dead forms of life are subject to attack by all sorts of organisms, fungi and bacteria, which abound everywhere, and play a large part in the decomposition of animal and plant remains. These belong to the saprophyte class, and such a one is Mucor, which is a common mould often found on dead organic material. There are a large number of species of Mucor, but the one we are concerned with is the one which grows very often on the bodies of dead locusts if they are kept in a damp atmosphere, covering the corpse with a grey, felty mass of fine threads. It is also commonly found on their excreta in damp weather. The largest number of species of Mucor so far known ar~true saprophytes, and are incapable of infecting any living organism, so that when it was discovered that the fungus being sent out in the culture tubes was a Mucor, it was assumed that a mistake had been made, that a fungus which could only grow on dead locusts, and was therefore perfectly harmless, was being distributed, and the cases of success with its use which had been reported were attributed to the spread of the disease (Empusa) by nature itself, and would have occurred without man's intervention.
IIi 1911, the Department of Agriculture issued a .bulletin summing up the position, stating that instead of the parasitic Empusa having been distributed, the harmless Mucor had been cultivated-'. Attention is drawn to the fact in this bulletin that the fungus was described at Kew in 1900, from material sent by the Department of Agriculture, Cape of Good Hope, as a Mucor l o . Referring now to this publication by Massee at Kew, we find that the fungus was named Mucor exitiosus, but (a fact not referred to in the Department of Agriculture bulletin) infection experiments proved that it had the power of destroying insects. An exotic species of cockroach was used, and it was found that this Mucor could infect them and kill them, the dead bodies becoming later covered with the fungus. It is also stated that a culture which had been received previously from Trinidad, prepared there from a culture obtained from the Cape Bacteriological Institute, was not a pure culture, but included Entomophthora grylli (Empusa grylliis synonymous with Entomophthora grylli). Some culture tubes were also sent to Australia, where McAlpine, of Victoria, independently diagnosed it as a Mucor, in 1899 11 . Here its application had met with success, so that in 1901 it was stated that "The destruction of locusts by means of a parasitic fungus has now passed from the domain of experimentation into that of everyday practice. The method which has been tried in various places where swarms of locusts proved troublesome to vegetation, notably South Africa, has' been for the past two or three years successfully applied in Victoria."
In 1900, Howard", in the U.S.A., decided to conduct some experiments with the South African Locust Fungus, reports of outbreaks of grasshoppers in Colorado having been received. Three tubes were received from Natal, and distributed. The first reports seemed promising, but the interesting point is that the dead locusts did not cling on to the vegetation, as do those which have died of Empusa, but fell to the ground. The cultures being distributed were submitted to microscopical examination, and it was found that more than one fungus was present. Some of the tubes were identified as Mucor, others as Sporotrichum. Later results were variable, but several' cases of success were reported. The conclusion arrived at, however, by the experimenters was that "the whole matter relative to the killing of insect pests by means of. fungus diseases is greatly overestimated, and that this is especially true of their use against grasshoppers." , Another interesting attempt to cultivate Empuea was that of Sheldon" in U.S.A. in 1903, who, carrying out field experiments with the South African cultures of Mucor, found that where the fungus was being used large numbers of locusts were dying from Empusa, as well as Mucor. Observing that Empusa seemed a much more virulent parasite than Mucor, he started cultural experiments, and after two hundred attempts got pure cultures of the former fungus. In his paper he stated that in cultures the filaments of Empusa might be mistaken for Mucor, and out of 300 cultures made not over 1 per cent. was pure, the growths being contaminated,with yeast, bacteria, and other fungi. Doubt was later cast on his, work by Sawyer-", owing to the fact that the drawings of his fungus did not look like
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Empusa; indeed, examination of these drawings show that they might easily be taken for Mucor. ith it. When his cultures were examined microscopically, however, they proved to be Mucor; yet these growths of Mucor were reputed to be produced from the conidia of Empu,sa 6 • Now when we come to examine these two fungi microscopically, we find that they have many points of resemblance, a fact which has been emphasised by those who have studied their structures in detail. Mucor has a stage in its life-history whi~h in appearance i~yeast-like, and Skaife, in 1921, pointed out that this stage showed a marked resemblance to the hyphal body stage of the Eniomophthoracea; he suggested that the two were closely allied, but stated that "mycologists may find it very difficult to accept the idea that an Empusa becomes a Mucor when grown saprophytically."18
Infection Experiments:
The first' set of experiments carried out were to investigate the infectious nature of the disease. For this purpose locusts which had died of Empusa were put in cages, along with healthy locusts collected from a locality where no disease was present. The cages used measured 12" by 12" by 18", a size which has been found by experience to hold comfortably ten adult locusts; the cages were first disinfected with formalin, and the numbers. of dead locusts included were from one up to ten. The latter were inserted clinging to the tops of the cane leaves on which they had died, and as well fresh cane leaves were put in as food. The controls were as described, but without the diseased locusts. No mortality from Empusa resulted. Thinking that perhaps a saturated atmosphere was necessary, a number of healthy insects were kept under a bell jar, along with some diseased ones, the whole being kept damp with wet blotting paper. The results were as before.
The effect of overcrowding was then tried. Instead of ten, fifty locusts were placed in each of two cages, and in one twenty-five, in the other fifty, diseased locusts were placed. To keep the atmosphere as cramp as possible, the cages were filled with as many cane tops as could comfortably be put in, the bottom was covered with grass and weeds, and the whole kept repeatedly sprayed with a fine spray of water to keep the inside of the cages dripping. This experiment was done in duplicate-one pair of cages was kept on the verandah, the other pair in a damp spot under shrubs. The result, however, was as before; though some mortality ensued, no fungus could be found on the corpses.
Though in these experiments the living locusts could be seen crawling over the bodies of the dead ones, and were almost certainly coming into contact with the disease, another experiment was carried out to make sure that the fungus was sticking to the insects. Some dead locusts were mashed up into a porridge with molasses, and the mixture examined microscopically to make certain that the fungus was abundant; into this, healthy locusts were dipped, and caged. Another lot was fed with it, and in a third cage some cane leaves smeared with the mixture were put in beside some of the insects. In no case did any mortality ensue, despite the fact that daily examination under the microscope of the locusts which had been dipped showed that for several days the fungus was sticking to their skin. Realising next that infection, if it was due to contact, would probably be more easily accomplished through the soft parts of the locust body, little pieces of fresh fungus were picked off under the microscope from dead insects and placed on the thin membranes between the segments, and round the neck, of healthy locusts, but again w~th negative results.
Meanwhile, experiments on the germination of conidia had elucidated one interesting point. Conidi'a which were germinated in a drop of sterilised water prodl~ced only a little germ tube, which soon stoppe~growmg; if however to the sterilised water a few hairs from a ldcust wer~added, growth continued, and a small branched mycelium was produced. Acting on this, fr~sh conidia were placed by means of a needle on the hairy parts of the body, and the treated locusts kept under a bell jar in a damp atmosphere. The results, however, were as negative as before.
These results are in line with those of others who have recently attempted to bring about infection'", The only records of positive. infection experiments are old ones, and no details are given; indeed, it is not known if control cages were' used, and as during the present investigation the only, caged locust which .w~s found dead of Empusa was 111 a control cage, It IS difficult to assess correctly the value of these previous results.
Cultural Experiments.

I
It was with a feeling of hopelessness that cultu~al experiments were undertaken, owing to the very defimte statements that the artificial cultivation of Empusa was impossible. These statements were based on the fact that previously grown cultures proved to be a Mucor, as well as on the supposition that Empuea was an obligate parasite, and therefore could not be grown apart from the living host; statements which were further supported by the fact that all other, and more recent, attempts to cultivate the disease had met with failure, the culture tubes simply becoming overrun with bacteria and other fungi. Such was the fate of the first attempts during the present investigation. A culture medium consisting of maltose, peptone and agar was inoculated with little fresh pieces of fungus from a diseased loc.ust; no growth took place, the pieces of fungus simply decomposing into a wet, pulpy mass of bacteria. The same occurred with freshly formed conidia scattered on the same medium. A medium containing a decoction of stewed healthy locusts was then tried, as well as many other standard media; these cultures were always discarded, however, as they immediately became overrun with bacteria and other organisms, none of which bore any resemblance to Empusa.
At the same time an experiment was being carried out to ascertain if this fungus produced any substance which was toxic to locusts. For this purpose a water extract of a quantity of the fungus was made, filtered through a Berketeld filter, and tried on the insects, with negative results.
Owing to an absence of Empusa among locusts at this time, the only material available for the .experiment was old dried, powdered material kept in a bottle in the laboratory; and it was noticed that while these fragments of diseased material were soaking in the water, each was surrounded by a little halo, which proved under the microscope to be a ring of fungoid threads growing out from 'the old pieces of fungus. It is well known that pieces of dead organic material in water become attacked by all sorts of organisms, but the growth in this case looked suspiciously like the stage of Empusa shortly after infection of a locust, consisting of rather slender hyphse segmenting and producing numerous small, rounded bodies. Some of these pieces were picked out, washed in sterile water, and transferred to cultural tubes, where rapid growth took place. When more fresh material was available, these experiments were repeated, with the same negative results as previously; with the old material, however, a good growth was in each case obtained. It was then found that to start the material into growth the best medium was a liquid one containing maltose and peptone in water. Growth on a solid medium was possible, but was slow; e.g. on a medium consisting of maltose, peptone and gelatine, this fungus from the same source took eight weeks to start into growth. The identification of the fungus growing was difficult, as never any spore production occurred, and infection experiments gave negative results. Only occasionally were structures like hyphal bodies seen, the entire growth consisting of slender filaments which segmented rapidly 'and gave rise to a copious production of small, round cells, not unlike the yeast cell already described in the blood system of an, infected locust. This was the case in cultures growing on a maltose-peptone-agar medium, incubated at 37°C. By repeatedly transferring some of the growth to new culture tubes, the filaments of the fungus decreased in diameter, and the rate at which they broke up into, single celled units increased, to such an extent that after several weeks a newly transferred culture consisted of nothing but these yeast-like cells, to the entire exclusion of any filamentous growth.
Returning now to the' first made tubes of culture, which were weeks old, there was now found in them some fruiting bodies similar to that of a Mucor. Assuming that during the course of transferring the groWtll some contaminating Mucor spores had got into the tubes from outside, they were set aside,and new cultures started from the original material, some being left entirely untouched for several weeks. The same results were again obtained. It was always noticed, however, that where the Mucor was observed, bodies very similar to the hyphal bodies in the locust could be seen. Different results were obtained with different media. Cultures started in a liquid medium and then transferred to a maltose-peptone-gelatine medium and kept at room temperature grew very slowly, but the mycelium did not show the same tendency to segment, and the hyphre were much greater in diameter. Numerous large round bodies with oil globules were produced, very similar to those found in the later stages of the disease in a locust. When it became suspected that Empusa grylli was perhaps after all not an obligate parasite, but could grow apart from the living locust, the possibility was considered that it might be found naturally growing as a saprophyte. This was confirmed by the examination of cane leaves on which locusts had died some time previously, and were known to be bearing conidia of the disease. These had been subjected to wet weather, and on microscopical examination it was found that where the conidia had been, a mass of closely interwoven threads of fungus were now present; on no other part of the leaf could these be found. This, was repeated in the laboratory by placing SOme pieces of leaf on which conidia were present, and which had been kept dry for some time, under a bell jar in a moist atmosphere. The same was also done with locust wings which were covered with conidia. The growth from these conidia was the same as that in some' of the cultures, and when transferred to culture media developed on the same lines as outlined above. It seemed now that the obligate parasitism of Empusa was a fallacy, and that its artificial cultivation was possible and had been accomplished. Infection experiments with the culture were carried out, but always with negative results. The culture used in these experiments was a fresh one, before any signs of Mucor appeared.
Continuing cultural experiments, some of the growing fungus from a gelatine medium were inoculated into little sterilised pieces of kidney and steak. These media immediately became overrun with a dense bacterial growth, and the fungus simply decomposed into a pulpy mass, in a similar way to the fresh fungus material from a locust as used in the first attempt.
-
The most interesting growth, however, was on sterilised slices. of potato. This gave a brownish, slimy-looking growth which proved to consist largely of thehyphal bodies and segmenting mycelium of the fungus, but badly contaminated with bacteria.. Attempts to free the culture from bacteria were never entirely successful; although they could be got nearly free, it seemed impossible to clear the culture entirely. After these cultures had been growing for some time, and seemed fairly pure, the production of upright growing filaments began in the centre of the growth, and these became the fruiting bodies of Mucor. This growth soon covered the whole of the culture.
. Culture was again attempted with fresh material on potato, this time with positive result. A little piece of fungus placed on the centre of a potato slice gave in the first 24 hours a growth of bacteria which spread out over the medium. About three days later, in the centre of the growth could be found numbers of yeast-like cells, and later on Mucor appeared as an aerial growth and overran the bacterial growth. If, however, the growth on the surface of the medium, beneath this aerial growth, was examined, it was found to be Empusa. All the evidence now pointed to some connection between Mucor and Empusa, though such an idea was difficult to conceive. This idea was further supported, however, by the observation that where conidia of Empusa had lain on the ground for some time, such as round a dead locust, a growth of Mucor was found.
In view of the controversy which had arisen in previous years over the identity of the culture of locust fungi, and its pathogenicity, some of this Mucor was grown and an infection experiment carried out. Ten healthy locusts had a little piece of the fungus placed on a thin part of the skin, and caged. After four days all were sluggish, and on the fifth day all died. No sign of fungus appeared externally, but on dissection it was found that their tissues were riddled with a fungoid growth. Two days later typical Mucor fruiting bodies were produced inside the insect, from which a culture was again made. Similar experiments were repeated from time to time, but unfortunately with vary variable results; sometimes no mortality was caused, other times up to 60 per cent. infection was produced. The cause of this variability is not known; probably the most largely contributing factor may be the locust itself, which under certain conditions may be more susceptible to infection than at other times. However, the experiments showed that Mucor is a pathogenic to these insects.
At this time, through the kindness of Mr. E. T. S.
Mitchley, of Mqanduli, Transkei, three tubes of the fungus distributed in 1896 were received. These, though naturally in a bad state of preservation, on examination proved to be the same fungus as at present under consideration-Mucor, with, however, structures very closely resembling the hyphal bodies of Empusa present.
The position, considered from the aspects of history and artificial culture, may be stated briefly thus: Starting off with Empusa from a locust, one eventually obtains a culture of Mucor, which is pathogenic to these insects; the cultures distributed from· 1896 onwards were reported to be either a mixture of Empuea and Mucor, or the latter fungus only. The question is, did this culture destroy locusts? The similarity between that culture and the one which has at present proved pathogenic, together with the results obtained at Kew, strongly suggests that it could cause a fatal disease among these insects; the lack of results frequently reported does not detract from this assertion, as such is quite in keeping with the results of the infection experiments referred to previously. The outstanding problem, however, is the connection between this .fungus and
Empusa.
The suggestion of Skaife, previously referred to, that Empusa may become a Mucor when grown saprophytically, appears to have evidence in its support, but can the reverse process be accomplished? . The only evidence available is that of the old records, that swarms inoculated with the artificially grown fungus died of Empusa; no experimental evidence on this point is forthcoming.
How Empusa and Mucor are related requires much further investigaiton; but at present, as a theory to fit the fact, it is suggested that an important role is played by the bacteria which are invariably associated with the cultures, especially when young. Association of· bacteria and fungi, growing together as one organism, is known to occur, e.g. in the ginger beer yeast, and it may be that Empusa is really a Mucor in association with a bacterium. When fresh material is placed on certain culture media, the bacteria gain the upper hand and parasitise the fungus, hence the failure to cultivate such material.
The ease of cultivation of old material might be due to .decreasing vigour on the part of the bacteria; and when suitable conditions are provided for growth of all the organisms, as on potato, we get the Mucor and the bacteria separating, as it were, but when they meet, Empusa being found. The origin of these organisms has not been discovered, but it is known that the blood of the locust has a bacterial flora of its own normally present, and bacterial diseases of locusts are known. The .Mucor is possibly derived from external sources. In this connection, it has been noticed recently that the excreta of locusts have often in wet weather Mucor growing on them, and also in wet weather these insects have been observed eating their excreta. It may be that Mucor, starting off as a pure saprophyte on vegatetion, with repeated passages through the insect gains in pathogenicity, and finally, in conjunction with the bacteria in the locust; produces the disease known as Empusa. The reverse. process, when the pathogenic form is grown on artificial media, with perhaps subsequent decrease in its ability to cause disease (a not uncommon phenomenon with artificially grown diseases) would. account for the increasing scarcity of positive results in infection experiments.
As will be seen, these ideas are largely speculative, but are an attempt. to account for the phenomena as observed, and to throw some light on the vexed question of the culture issued in 1896.
It will be observed, also, that though a culture can be grown which is pathogenic to locusts, the results to date do not warrant the adoption of such a method of control. .
SUMMARY AND CONCLUSIONS.
1. Empusa grylli is a parasitic fungus which can cause considerable mortality among locusts, reaching under suitable climatic conditions epidemic intensity.
2. Wet weather, while not appearing necessary to cause an outbreak, is an important factor in its spread.
3. The life-cycle of the fungus on the infected insect is given. This appears to occupy five or six days.
4. All attempts to infect healthy locusts with Empusa from dead locusts have failed.
The vegetation on which locusts have died of
Embusa, or the soil on to which they have subsequently fallen, bears conidia, which, if they germinate, after a period of rest give rise to a growth differing from Empusa as seen on a locust.
6. Empusa grylliis not an obligate parasite, as usually stated, but may be grown apart from the living host; the artificially grown fungus, however, shows a progressive variation in characteristics and eventually gives rise to a growth of Mucor. .
This
Mucor has been shown by infection experiments to be pathogenic to locusts, and may be recovered as such from the corpses.
8. The possibility that the culture issued in 1896 as the "South African Locust Fungus," grown from locusts which had died of Empusa, but subsequently shown to be Mucor, and therefore supposed to be harmless, was the same one as now being considered, and was therefore a true locust parasite, is discussed.
9. Though the Mucor isolated can easily be grown artificially, and can by contact cause an infection of healthy locusts and finally their death, the variability of results so far do not warrant the adoption of such a method as a control measure for these insects.
Finally, the writer wishes to record his indebtedness to those Locust Officers, Planters and others through .whom it was made possible to keep in touch with developments of the disease in the field, and who kept him supplied, not only with material, but with interesting observations and suggestions. ,.
p.
P./II.
THE LOCUST FUNGUS (Empusa GryUi.)
iO CHAIRMAN: We are very much obliged to Dr. McMartin for the paper he has just read to us. It seems to be a record of painstaking attempts to find out some disease which will solve the locust problem, and certainly is an example of patience which we all ought to admire. Of course it is a very specialised job, exceedingly so.
I do not know whether any members wish to ask any questions or make any observations. The paper is IlOW open for discussion.
Mr. A. TOWNSEND: Mr. Chairman and gentlemenn : I would like to say first, I think we are all very grateful to Dr. McMartin for his very lucid and able report on this question of propagation of fungi in connection, with the locust invasion. I think you will all very much appreciate the efforts made to try and elucidate a remedy to meet this pest which has invaded this industry. But, unf~r tunately, as I gather from the paper, I am a~rald, as far as utility goes, the results are practically negative. I would like to say that in 1898 and 1906 I took an active part in the combating of the locust invasion.
Dr. McMartin said that the late Mr. Arnold Cooper manufactured fungi on the instructions of the Natal Government for the purpose of experimenting on the locusts when visiting the district. I was at Sea Cow Lake at the time. We applied to the Government for a quantity of this fungus, and a large quantity was sent to us in a box sealed in tubes. My brother took charge of applying the fungi to the locusts. There wa~. a dense swarm in the neighbourhood. As you know, Sea Cow Lake valley is pretty low and has a humid atmosphere, We thought by applying it there, good results would follow. My brother was very careful in following out the instructions to the letter. Dr. McMartin said just now that some of the non-success was attributed to not following out instructions implicitly. I can say that although we had only negative results, we followed out the instructions to the letter. I was present myself when these creatures were dipped in very large quantities. They were then distributed amongst the swarming locusts in the fields. As far as we could judge-we examined closely-the results were entirely negative; there were' no results at all from this infection.
There-were other reports from planters in different parts of the cOl~ntr.r, and I heard later on that some locusts had died In the Kearsney district, but I do not think myself, from what we could gather, that it had any connection with the fungi. We relied then on arsenic to combat the enemy. I think that is, after all, our first line of defence. I am sure we are all grateful to Dr. McMartin for this wonderful paper, which is so well thought out and so easily digested by the novice thatI myself have listened. with the greatest interest to it. I hope that Dr. McMartin will continue his investigations and try to discover eventually a means of eradicating this pest.
Dr. HEDLEY; Mr. Chairman, I do not think you emphasised sufficiently the value of this paper. This paper IS of first-class scientific value. Dr. McMartin has written this paper in simple language, and, as Mr. Townsend says, it is one that can be digested by the layman, but be careful, when digesting it, that you do not suffer from "-Empusa. Dr. McMarrin has shown a first-rank scientific fact. I know the work he has put in, and how often he has got bleary-eyed from watching these changes through the microscope. Ultimately he has shown that Empusa grylli becomes transformed into Mucor.. That has never been clone before.
'l'his fact is worthy of being communicated to a learned society at Home, and you should realise that. He deserves really very hearty congratulations for the patience that he put into this work, in showing, first of all, the foundation of the question. That sort .of thing has got to be donethe elementary groundwork-before you know where you are. (Applause).
Dr. McMARTIN: I would just like, in reply; to thank Mr. Townsend and Dr. Hedley for the nice things they have said.
CHAIRMAN: I think we can record a hearty vote of thanks to Dr. McMartin for giving us this most interesting paper. As Dr. Hedley says, it has entailed a considerable amount of work, and is a record of patience and perseverance which ought to be amply rewarded. 1 would ask you to accord Dr. McMartin a hearty vote of thanks.
Carried by acclamation.
----~I----
CHAIRMAN:
The next paper is one by Mr. Dodds, entitled Notes on some Fertiliser Experiments Harvested during tohe J934/35 Season.
Mr. DODDS: This paper only deals with three of the chemical elements required by the plantphosphorus, potassium and nitrogen-which are elements which the plant certainly requires in greatest proi)ortion, and which are most apt to be found lacking in ordinary soil. , But these, after all, form only a small minority of the 16 or so elements which appear to be necessary to the life of the plant, and the possibility of' deficiency in other" elements should never be lost sight of. As far as we know, there have, been no widespread indications of any marked deficiency of .the so-called minor elements in South African soil, although the subject is a very obscure one, and there may be deficiencies of which we are not yet aware. Certainly a few soils have been found in South Africa deficient in sulphur. That was shown by the late Mr. Stead, of the Department of Agriculture, in an excellent pamphlet issued some years ago. But sulphur, of course, is applied wherever superphosphate is' used, which is now a ,:er~widespread fertiliser. We have also found indications here and there of manganese deficiency, and in a few cases calcium or magnesium may be lacking as elements besides, as bases in acid soils.
